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ANALYSIS OF NONEQUILDRIUM AIR STREAMS 

I N  THE A.MES 1-FOOT  SHOCK TUNNEL 

By Robert S .  Hiers, Jr., and  John 0. Rel le r ,  Jr. 

Ames Research  Center 

SUMMARY 

An analys is  and the  results of a preliminary  calibration  of  nonequilib- 
rium test  streams i n   t h e  Ames 1-foot  shock  tunnel  are  presented. The f a c i l i t y  
i s  combustion driven and is  normally  operated  in  the  tai lored-interface mode 
t o  provide a nominal  reservoir  enthalpy  of 9,100 J/gm and pressure  of 273 a t m .  
In  addition,  the  shock  tunnel is  operated  in  the  equilibrium-interface mode 
t o  provide  enthalpies  between 6,000 J/gm and 15,000 J/gm a t  a nominal reser-  
voir   pressure of 275 a t m .  Resul ts   are   presented  for   three  typical   operat ing 
conditions.  

S t a t i c   p re s su re ,   p i to t   p re s su re ,   ve loc i ty ,  mass f l o w ,  and stagnation- 
poin t   hea t   t ransfer  were  measured in   t he   t e s t   s t r eam.  These da ta   a re  com- 
pared  with  numerically  integrated  and  sudden-freeze models f o r  a i r  undergoing 
both  chemical  and  vibrational  relaxation. It i s  shown that the  sudden-freeze 
model i s  s a t i s f a c t o r y   f o r   c a l i b r a t i n g   t h e   t e s t   s t r e a m  i f  certain  frozen-flow 
parameters  are  determined  using  experimental  data. An added  advantage of 
t h i s  approach is that  f low  propert ies   in   the  tes t   s t ream may be  obtained 
without   specifying  the  re laxat ion  ra tes .  

The tes t   dura t ions   a re   l imi ted   no t   by   var ia t ions   in   reservoi r   p ressure  
but  by  Contamination  of  the t e s t   g a s  with d r ive r   gas .  

INTRODUCTION 

The 1-foot shock tunnel  a t  the  Ames Research  Center i s  a hypervelocity 
tes t ing   fac i l i ty   su i tab le   for   bo th   hypersonic   f l igh t   s imula t ion  and bas ic  
aerodynamic s tudies .  The f a c i l i t y  i s  combustion  driven  and  generates  hyper- 
ve loc i ty  a i r  flows for a range  of  reservoir  enthalpies between 6,000 J/gm 
and 13,000 J/gm. In  addition,  hypersonic  test   streams  of  planetary  gases 
such as carbon  dioxide-nitrogen  mixtures  can  also  be  generated. 

The 1-foot  shock  tunnel  develops a high-pressure  gas  reservoir  for  an 
unusually  long  duration  by  uti l izing a l a rge  volume d r ive r .  (The design 
method i s  given  in   ref .  1.) A s  a resul t ,   the   reservoir   pressure  remains  re la-  
t i ve ly   cons t an t   fo r   s eve ra l  hundred  milliseconds; however, reference 2 showed 
t h a t   t h e   u s e f u l   t e s t   d u r a t i o n  i s  much shorter  than  this  because  of  the l i m i t  
imposed by the  mixing of the   d r ive r   gas   w i th   t he   t e s t   gas .  Thus, t h e   v i r t u e  

I 



of the  large-volume  driver is on ly   pa r t ly   r ea l i zed   i n   t he   p re sen t   app l i ca t ion ,  
and  can  be e f f ec t ive ly   u t i l i zed   on ly  when in te r face  mixing i s  retarded.  

The %est streams g e n e r a t e d   i n   t h i s   f a c i l i t y  are influenced  by  chemical 
and vibrational  nonequilibrium. The ca l ib ra t ion  of these  nonequi l ibr ium  tes t  
streams involves making ce r t a in  measurements i n  the  test  stream  and  correlat- 
ing  these measurements  with theo re t i ca l  models of   the f l o w  to   ob ta in   o ther  
flow  parameters  such as Mach number, densi ty ,  and area r a t i o .  

The purpose  of t h i s   i nves t iga t ion  was t o  make a preliminary  aerodynamic 
and  thermodynamic ca l ib ra t ion  of  nonequilibrium  airflows  in  the  fhes  1-foot 
shock tunnel.  Five  free-stream  parameters were measured: s t a t i c   p re s su re ,  
p i to t   p ressure ,  mass flow,  velocity,  and  stagnation-point  heating  rate. These 
measurements are compared with  the  corresponding  variables  obtained from 
streamwise  integrations  of  the  rate  processes and  from  sudden-freeze  calcula- 
t i ons  t o  determine  the  other   propert ies   of   the   tes t   s t reams.  

LIST OF SYMBOLS 

A 
A* 
h 

- 

M 

Re 

S 
R 
- 
t 

A t  

T 

U 

VS 

X 

P 

( )*  

2 

effect ive  nozzle   area ra t io ,  - P*u* 
PU 

enthalpy, J/gm 

Mach number 

pressure,  a t m  

hea t ing   ra te ,  W/cm2 

gas  constant,  1.987 cal/mole - OK 

Reynolds number, l/cm 

dimensionless  entropy 

time, msec 

t ime  required  for   f luid  e lement   to   t raverse   nozzle  

temperature, K 0 

st ream  veloci ty  

shock ve loc i ty  

axial   coordinate  of driven  tube,  m 

densi ty ,  g/cm2 

sonic  conditions a t  nozzle   throat  



Subscripts 

f equilibrium  value a t  freeze point 

i initial loading  condi t ion  in   dr iven  tube 

m51X maximum value  obtainable  in  steady,  equilibrium  expansion 

P value  obtained  from a mass flow  probe 

r value  behind  reflected  shock wave 

t isentropic   s tagnat ion  condi t ion  in   nozzle  

stagnation  condition  behind  normal  shock wave on test-section  probe 

When used  without  subscripts  p, p,  T, u, A, and M denote   s ta t ic   f ree-s t ream 
quant it i e  s . 

FACILITY 

The major components of   the Ames 1-foot  shock  tunnel  are shown schemat- 
i c a l l y   i n   f i g u r e  1. A l a r g e  volume driver  provides  performance  capabili ty  in 
t h e  mode or" operation  described as the  one-cycle  shock  compression  process 
( r e f .  1). I n   t h i s  mode of  operation  the  pressure  behind  the  reflected shock 
(reservoir   pressure)   remains  essent ia l ly   constant   for   several   tenths  of a 
second when the   i n i t i a l   cond i t ions   i n   t he   d r iven   t ube   a r e   su i t ab ly  chosen t o  
provide a ta i lored   in te r face   (no  wave r e f l ec t ions  from the i n t e r f a c e ) .  The 
1-foot  shock  tunnel is also  operated  in   the  equi l ibr ium-interface mode, t h a t  
is ,with one o r  more  wave r e f l ec t ions  from the  interface,   by  varying  the 
in i t i a l   cond i t ions   i n   t he   d r iven   t ube   ( r e f .  3) . Relat ively small var ia t ions  
of reservoir   pressure  occur   in   the  equi l ibr ium-interface mode a f t e r   t h e   i n i -  
t i a l  uns teady   t rans ien t .   Fur ther   de ta i l s  of t he  shock-tube  operation  are 
given  in   reference 2 .  

For   operat ion,   the   dr iver  i s  i n i t i a l l y  charged  with a room-temperature 
mixture consisting  of 7 percent H,, 12 percent 0,, and 81 percent He by 
par t ia l   pressures .   Final   dr iver   pressures   of   approximately 340 a t m  are   nor-  
mally  obtained  after  combustion.  Theotemperature  of  the  combustion  products 
i n  the d r ive r  i s  est imated  to   be 2080 K.  Combustion durat ions between  500 
and 800 msec are   usual ly   obtained.  Diaphragm opening is  in i t i a t ed   w i th  a 
punch  mechanism ac t iva ted  a t  a preset  t ime  after  the  combustion  pressure 
reaches a maximum. Fur ther   de ta i l s   a re   g iven   in   re fe rence  4. 

For   these   t es t s ,   the   d r iven   tube  w a s  charged  with  dry air at room tem- 
perature  to  pressures  of  0.54, 0.34, and  0.25 a t m  to   genera te   reservoi r  
enthalpies  of 7,600, 9,100,  and  10,900 J/gm at  a nominal  pressure  of 275 atm. 
The corresponding  reservoir  temperatures  are 4,930, 5,630 and 6,300' K. The 
0.34 a t m  loading  condition reifits i n  nominal ta i lored-interface  operat ion.  
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The end w a l l  of the  driven  tube i s  as c lose   t o   p l ana r  as conditions  permit, 
t o  minimize  disturbances when the  incident  shock wave i s  re f lec ted .  It was 
necessary  to   introduce a short   in le t   sect ion,   about  1.5 em long,  upstream  of 
the  sonic   throat   to   avoid  excessive  heat ing and erosion of the  throat   during 
the  re la t ively  long  tes t   f low  t imes (23 t o  30 msec).  Heat-sink  cooling  of  the 
throat  region i s  achieved  with a large  copper   inser t  (see f i g .  1) . To prevent 
model damage from overheating,  the  flow i s  terminated a t  a preselected  time 
by a squib-operated  slide  valve downstream o f   t he   t h roa t .  A nominal th roa t  
diameter  of 0.5 cm was used f o r   t h e s e   t e s t s .  

The nozzle i s  conical and exhausts  into a square t e s t   s e c t i o n .  The t e s t  
sect ion i s  mechanically  isolated  from  the  nozzle  by a s l i p   j o i n t   t h a t  reduces 
the  t ransmit ted  force  accelerat ion below 225 g ,  o r  about  an  order  of magni- 
tude  less  than  that   experienced  by  the  driven  tube and nozzle. 

Before  each t e s t ,   t h e   t e s t   s e c t i o n  i s  i so la ted  from the  driven  tube  by 
a small p l a s t i c  diaphragm  placed  over  the  nozzle  entrance, and then i s  evacu- 
a ted t o  about lop Hg t o   f a c i l i t a t e   n o z z l e   s t a r t i n g .  The small diaphragm d i s -  
integrates  and i s  swept  from the   t es t   sec t ion   dur ing   the   nozz le   s ta r t ing  
process, which i s  of the  order  of 1 msec. 

The ca l ibra t ion  measurements were obtained on the   nozz le   cen ter l ine   in  
the   square   t es t   sec t ion  a t  a loca t ion   j u s t  downstream of  the  conical  nozzle 
e x i t .  The flow a t  t h i s   l o c a t i o n  i s  conical and wel l   wi th in   the   t es t  rhombus, 
t h a t  is ,  it has  not  been  influenced  by  the  compression  corner  between  the 
nozzle and the  tes t  sect ion.  

Driven Tube 

Pressure.-  Side w a l l  pressures were measured a t  severa l   ax ia l   loca t ions  
in  the  driven  tube  with flush-mounted quartz-crystal   t ransducers  .l These 
gages were used t o  measure pressure  behind  both  the  incident and re f lec ted  
shock waves as well as the  subsequent  time  variation  of  pressure. One gage 
w a s  mounted about 2 cm from the  reservoir  end w a l l  t o  measure the   reservoi r  
pressure as a function  of  time. 

The output  of  the  transducers was f i l t e r ed   w i th  50-kc low-pass f i l t e r s  
t o  mask t h e   i n i t i a l  gage acceleration  response  to  the  suddenly  applied  pres- 
sure  load.  Otherwise,  these  gages were r e l a t i v e l y   i n s e n s i t i v e   t o   t h e  mechan- 
ical   accelerat ion  encountered  during  the  tes ts .  A t h i n   l a y e r  of  si l icone 
rubber  deposited on the  diaphragm e f fec t ive ly   i n su la t ed   t he  gage  from the  
thermal  environment  behind  the  shock waves. Addi t iona l   de ta i l s  of the  use of 
these  gages  are  given  in  reference 2 .  The accuracy  of  the  reservoir  pressure 
measurements i s  22 percent.  

~~ ~~ ~ 

'Kistler  Instrument  Corp. Model No. 601 H .  
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Shock wave veloci ty . -  The velocity  of  the  primary shock wave w a s  de te r -  
mined as a func t ion   of   ax ia l   d i s tance   in   the   d r iven   tube   by  measuring the  time 
of a r r i v a l  of  the  shock wave a t  several   stations  with  ionization  probes.  The 
probes  have two c lose ly   spaced   e lec t rodes   tha t   a re   d i f fe ren t ia l ly   b iased  (90 
v o l t s )   p r i o r   t o  a tes t .   Ion iza t ion   behind   the  shock wave causes a cu r ren t   t o  
flow  between  the  electrodes;  probe  signals are recorded on microsecond  coun- 
ters. The ove ra l l   e r ro r   i n  measurement of  shock ve loc i ty  i s  l e s s   t han  
1 percent.  

Test  Section 

Stat ic   pressure. -  The s t a t i c   p re s su re  w a s  measured with a l.27-cm- 
diameter   cyl indrical   probe  ( f ig .   2(a)) .  The forebody  of  the  probe  consists 
of a circular  ogive  with a 6-to-1  f ineness  ratio.  The pressure i s  sensed  by 
a var iable-capaci tance  cel l   located  in  a small cavity  immediately  behind  the 
mul t ip l e   o r i f i ce s .  This c e l l  w a s  designed  and  constructed a t  the  Ames 
Research  Center; it employs a 0.0013 cm thick  s t re tched diaphragm  and i s  
matched t o  a 100-kc carrier-amplifier  system. The c e l l  i s  insulated from 
thermal   effects   by  several   layers  of very  f ine mesh copper  screens  located  in 
the  cavi ty .  The nominal rated  pressure i s  4fi0-4 a t m ,  and the  l inear   operat-  
ing  range i s  about a fac tor   o f  4 grea ter .  The performance  characteristics 
and assoc ia ted   c i rcu i t ry  of t h i s   t ype  of ce l l   a r e   desc r ibed   fu r the r   i n  
reference 5 .  

The o r i f i ce s   a r e   l oca t ed  on the  probe  afterbody, where perfect-gas  char- 
ac te r i s t ics   so lu t ions   ind ica te   the   inv isc id   sur face   p ressure  is  about 95 per- 
cent of the  local   f ree-s t ream  value.  Use of  perfect-gas  solutions i s  j u s t i -  
f i e d  by  the  assumption  that  the  flow  about  the  probe i s  essent ia l ly   f rozen  a t  
the  stream  conditions, where the   spec i f ic   hea t   ra t io  i s  c lose   t o  1 .40 .  It i s  
estimated that  boundary-layer  displacement  thickness  effects  cause  about a 
5-percent  increase  in  local  surface  pressure  over  the  calculated  inviscid 
pressure a t  t h e   o r i f i c e .  Hence the  inviscid  overexpansion and the  viscous 
e f f e c t s  on the  probe  pressure  are  approximately  compensating.  Orifice  correc- 
t i o n s  were calculated and  found t o  be negl igible .  The error   in   pressure 
measurements,  including a l l  e f f e c t s ,  i s  es t imated  to   be  less   than 27 percent.  

The i n i t i a l  response  time  of  this  probe i s  dominated  by  the  cavity 
f i l l i n g  time  and i s  l e s s   t h a n  2 msec. A f t e r   t h i s   i n i t i a l   t r a n s i e n t ,   t h e  probe 
response  time i s  est imated  to   be  less   than  0 .5  msec . 

Pjtot   pressure. -  The p i to t   p ressure   in   the   f ree   s t ream i s  measured w i t h  
a f l a t - f aced   cy l ind r i ca l   p robe   ( f ig .   2 (b ) ) .  The inviscid  flow between the  
bow shock wave and the  stagnation  point on t h e   p i t o t  probe  undergoes  nonequi- 
librium  chemical and v ib ra t iona l   r e l axa t ion .   Fo r   t he   cond i t ions   o f   t h i s   t e s t ,  
the   p i to t   p ressure   var ies  a maximum of 4 percent,  depending on the  degree of 
nonequilibrium  behind  the bow shock wave. 

The p i to t   p ressure  i s  detected  with a capac i tance   ce l l  similar t o  t ha t  
used t o   d e t e c t   s t a t i c   p r e s s u r e .  The c e l l  i s  posi t ioned  in  a cavity  behind  the 
o r i f i c e  and is  also protected from the  thermal  environment  with  several  layers 
of screens. The nominal rated  pressure is 3 ~ l O - ~  a t m ,  the   l inear   range  is 
about a factor  of 5 grea ter ,  and the  accuracy  of  the  pressure measurements 
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i s  within +3 percent .  The response time f o r   t h i s  probe is  est imated  to   be 
less than 0.3 m e c .  

Mass-flow rate.- The mass-flow rate per  unit area w a s  measured with  the 
probe shown schematically i n  f igu re  2(  c )  . The probe entrains  the   f low  in  a 
known cross-sect ion  area  of   the   f ree  stream. The flow i n   t h i s  stream tube i s  
cooled to   about  room temperature  inside  the  probe,  then  essentially  stagnated. 
The flow is then expanded out  of  the  probe  through a ca l ibra ted   sonic   th roa t .  
The temperature  and  pressure of the  essent ia l ly   s tagnated  gas   inside  the  probe 
a r e  measured,  and t h e  mass-flow ra t e   ou t  of the   ca l ibra ted   sonic   th roa t  i s  
calculated  by means of   the  fol lowing  perfect   gas   re la t ionship,  pu a P p / q  
A comprehensive report   of  the  design and  use  of  such a probe i s  presented  in  
reference 6. 

The stagnation  pressure  inside  the  probe i s  measured with two var iable-  
inductance   ce l l s   ra ted   a t  0.14 a t m  but  having a linear  range  several   t imes 
th i s   va lue .  The stagnation  temperature is measured with a number 40-gage 
chromel-constantan  thermocouple  located  in  the  stagnation chamber. The 
overall   accuracy of mass-flow  measurements is est imated  to   be  within 
+5 percent.  

Approximately 8 msec a r e   i n i t i a l l y   r e q u i r e d   t o  f i l l  t he  mass-flow  probe 
and establ ish  s teady-state   operat ion;   af ter   this   t ransient   the   response  t ime 
of t h e  probe i s  about 2 m e c .  

Free-stream  velocity.- The free-s t ream  veloci ty  was measured,  with t h e  
twin-rail  probe shown i n  figure  2(d),   by  determining  the  distance a column  of 
ionized  gas   t ravels   in  a known t ime  interval .  

The column of ionized  gas is formed  by generating a very  short   durat ion 
current  discharge (-3 p e e )  of known pulse  shape  between  the two t i p   e l e c -  
trodes,   after  supersonic  f low  has been establ ished  in   the  nozzle .  The 
resu l t ing  column of  ionized  gas i s  swept  downstream  between the  rails. A t  a 
predetermined  time a f t e r   t h e   t i p   e l e c t r o d e s  have discharged (-j5 psec) ,   the  
ra i l   e lectrodes  are   discharged  through  the same ionized column. These two 
discharges  provide one ve loc i ty  measurement. The pulse-generating  equipment 
can  discharge  three  such  spark  pairs  during a tes t ,   thus   providing  three 
measures  of v e l o c i t y   i n  a minimum elapsed  time  of 10 mec.  Analysis and 
measurement of e lec t r ica l   parameters   in   the   pu lse   c i rcu i t s   ind ica ted   the  
energy  into  each  spark t o  be l e s s   t han  0.04 joule .  According to   t he   s tudy   o f  
reference 7, energy  of  this magnitude  should  cause a temperature rise of only 
a few degrees in the  spark column; thus  there  should  not be  any  appreciable 
thermal  expansion of t he  column t o  de t r ac t  from the  accuracy of  measurement. 

The column of  ionized  gas i s  luminous  during  each  discharge  and i ts  posi- 
t i o n  i s  recorded  photographically. The dis tance between the  two peak lumi- 
n o s i t i e s  is measured  with a microdensitometer and is  assumed t o  be t h e  
distance  traversed  by a f l u i d  element i n  the  f ree   s t ream. The e r r o r  i s  e s t i -  
mated t o  be  about +3 percent.  This technique is discussed  in  considerable 
d e t a i l  in reference 7. 
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Stagnation-point  heat  transfer.-  The transient   heat ing  technique 
described i n  reference 8 w a s  used t o  measure the  stagnation-point  heat-  
t r a n s f e r   r a t e s  on a 2.5-cm diameter  copper  hemisphere. 

The skin  thickness  of  the  copper  hemisphere w a s  approximately 0.025 cm. 
A thermocouple  junction was formed a t  the  s tagnat ion  point   by  inser t ing number 
40-gage  chrome1 constantan  thermocouple wires i n t o  two holes,  0.13 mm i n  
diameter,  approximately 0.75 mm apa r t .  The clearance  between  the wires and 
holes  is fi l led  with  high-temperature  solder  to  complete  the  junction. 

Wire conduction  and lateral  skin  conduct ion  errors   are   negl igible   for   the 
t ime  sca le   o f   these   t es t s .  The measurement error  i s  es t imated   to   be   l ess  
than 5 percent.  The thermal  response  time  of  the model skin - the  time 
required  for   the  probe  to   indicate   the  appropriate   quasi-s teady  heat ing 
r a t e  - i s  less   than  1/2 msec. 

EXPERIIVD~NTAL  RESULTS 

The experimental   resul ts   obtained  for  one of the   th ree   t es t   condi t ions  
considered  in this  repor t   a re   p resented   in  th i s  sect ion.  These r e s u l t s   a r e  
t y p i c a l  of the  basic   data   for   each  of   the  three  tes t   condi t ions and i l l u s -  
t r a t e   va r ious   f ea tu re s  of the  flow. The Analysis  of  Results  section summa- 
r izes   the  experimental   data   for  a l l  t h ree  test  conditions and  compares them 
wi th   theore t ica l  models  of the   f low  to   es tab l i sh   the  aerodynamic ca l ib ra t ion  
of   the  tes t   s t ream a t  each  of   the  three  reservoir   s ta tes .  

Reservoir  Conditions 

The in i t i a l   r e se rvo i r   p re s su re  and  enthalpy  are  found as a function of 
the  driven-tube  loading  conditions  and  the measured  shock wave velocity  by 
solving  for   condi t ions  behind  the  ref lected shock wave. The thermodynamic 
properties  behind  the  incident and r e f l ec t ed  shock waves a r e   i n   l o c a l   e q u i l i b -  
rium because  of  the  relatively  high-density  conditions  in %he driven  tube.  
The ve loc i ty  of  the  incident  shock wave i s  shown as a funct ion  of   axial  
dis tance  in   the  dr iven  tube  in   f igure 3 f o r   t h e  nominal  tai lored-interface 
condi t ions   (p i  = 0.34  atm). A s  ind ica ted ,   the  shock wave does  not  at tenuate 
appreciably;  hence  the  appropriate  velocity is determined  with l i t t l e  
uncertainty.  

The subsequent  t ime  variation  of  reservoir  pressure  for  pi  - - 0.34 a t m  
is  shown i n   f i g u r e  4(a) .  The in i t ia l   ca lcu la ted   reservoi r   p ressure   ( tha t   o f  
the  ref lected  shock)  is also  indicated.  Note t h a t   t h e   i n i t i a l   r e s e r v o i r  
pressure is not   accurately  resolved  in   these  data;   that  is, the  response of 
the  recording  oscil lograph w a s  no t   suf f ic ien t   to   p rovide   an   accura te   ind ica-  
t ion   o f   p ressure   for   the  f irst  1 t o  2 msec after shock a r r i v a l .  However, 
osc i l loscope   da ta   ( re f .  2 )  f o r  this case show t h a t   t h e  measured  and calculated 
in i t i a l   r e se rvo i r   p re s su re   ag ree  w e l l .  Figure 4(a) a l so   i nd ica t e s   t ha t  a 
s l igh t ly   over ta i lored   condi t ion  was obtained, as evidenced  by  the  s l ight   drop 
in   p ressure  below P r  for   several   mil l iseconds.  The gradual ly   r i s ing  
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pressure that follows is a t t r i b u t e d   t o  a secondary wave system  originating a t  
t h e   c o n i c a l   t r a n s i t i o n   i n l e t   t o   t h e  shock  tube, as discussed  in  reference 2. 

The variation  of  reservoir  enthalpy  with  t ime i s  calculated  by assuming 
that   the   reservoir   entropy i s  constant a t  i t s  in i t ia l   va lue   behind   the  
re f lec ted  shock wave, while  the  reservoir  pressure  corresponds t o  i t s  experi- 
mental  value. Shock-tube  performance calculat ions  in   reference 2 indicate  
t h a t   t h i s  assumption i s  essent ia l ly   exact   for   the  cases   considered  here .  The 
resul t ing  reservoir   enthalpy  for  pi = 0.34 a t m  i s  shown i n   f i g u r e   4 ( b ) .  Also 
shown is  the  ini t ia l   reservoir   enthalpy,   based on t h e   i n i t i a l   e n t r o p y  and the  
in i t i a l   ca l cu la t ed   p re s su re .  

The. s tagnat ion-point   heat- t ransfer   ra te  measured on the   t es t - sec t ion  
center l ine   for  pi = 0.34 a t m  i s  shown i n   f i g u r e  3 t o   subs t an t i a t e   t he  method 
used to   ca lcu la te   the   reservoi r   en tha lpy .  The heat- t ransfer   ra te   calculated 
by  the method of Fay  and Riddell  ( re f .  9)  , using  the measured stagnation-point 
pressure and the  calculated  reservoir  enthalpy, i s  a l s o  shown. The theoret-  
i c a l  curve  represents  the limit f o r  an  equilibrium  boundary layer. Following 
reference 9, this  heating  rate  should  be  nearly  the same regardless of the 
s t a t e  of the  boundary  layer,   since  the  surface  material   (copper) i s  r e l a t i v e l y  
catalyt ic   to   recombinat ion.  The good agreement  obtained  between  the measured 
and ca lcu la ted   hea t - t ransfer   ra tes   ind ica tes   tha t   the   ca lcu la ted   en tha lpy   in  
figure  4(b) i s  subs t an t i a l ly   co r rec t .  

The time-dependent  reservoir  properties,  pressure and enthalpy 
( f i g s .  4(a)  and ( b ) )  , can  be  related  instant  by  instant  to  local  free-stream 
conditions  in  the  nozzle i f  the  quant i t ies   (dpt /dt)(At/pt)  and 
(dht/dt)   (At/ht)  are small compared to   un i ty ,  where At i s  the  time  required 
for  a f l u i d  element to   t raverse   the   nozz le .   In   fac t ,   these   quant i t ies   a re  
l e s s   t han  0.02 i n  magnitude.  Thus,  although the  reservoir   pressure and 
enthalpy  are  functions  of  t ime,  they can  be  considered  quasi-steady  with 
respect   to   f ree-s t ream  condi t ions  s ince  their   var ia t ion i s  negl igible   for   t ime 
increments  of  the  order  required  for a f l u i d  element to   t raverse   the   nozz le ,  
A t  = 0.3 msec. 

Reservoir  properties  for  the  other  operating  conditions  considered  in 
t h i s   r e p o r t   ( p i  = 0.23 a t m  and 0.34 a t m )  were determined i n  a manner similar 
t o   t h a t   d e s c r i b e d   f o r   p i  = 0.34 a t m .  

Test-Section  Conditions 

Stat ic   pressure. -  A s t a t i c - p r e s s u r e   h i s t o r y   f o r   p i  = 0.34 a t m ,  normal- 
ized  by  the  reservoir  pressure,  i s  shown i n  f igure  6 (a ) .  Af t e r   t he   i n i t i a l  
probe and nozzle   t ransients  have  occurred,  the  static-pressure  ratio i s  essen- 
t i a l l y   c o n s t a n t   f o r  a time  interval  of  approximately 12  msec, as shown by  the 
f i l l e d  symbols on the   f igure .  Hence the  nozzle and reservoir   are   operat ing 
i n  a quasi-steady manner during  this   per iod,  as expected. 

However, a f t e r  12 m e c  have  e lapsed,   the   s ta t ic   pressure  ra t io  becomes 
e r r a t i c  and f ina l ly   decreases  below the  ini t ia l   constant   value.   This   behavior  
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i s  a t t r i b u t e d   t o   t h e   e f f e c t s  of  reservoir  contamination - t h e  mixing  of 
driver  gas,   mostly  helium,  with  test   gas  in  the  reservoir.  A pressure 
decrease is  expected  because  the  effect ive  isentropic   index  of   the  tes t   gas  is 
ra i sed  as a r e s u l t  of i ts  d i lu t ion   wi th   d r iver   gas .  For example, t h e   s t a t i c  
pressure is decreased  by  almost  an  order  of  magnitude  in  an  expansion when 
pure  dr iver   gas  i s  used. 

Pi tot   pressure. -  Two pi tot-pressure  his tor ies ,   normalized  with  respect   to  
the  reservoir   pressure,  are shown in   f igure   6 (b) .   Not ice   tha t   in  one case  the 
pitot-pressure  record  indicates  quasi-steady  f low  during  the first 8 msec of 
the  f low  t ime,  while  in  the  other,   the  t ime  interval is  about 14 mec.  .These 
d i f f e ren t   t ime   i n t e rva l s   i l l u s t r a t e   t he   we l l  known fac t   t ha t   t e s t   t ime   can  
vary  s ignif icant ly   f rom  run  to   run  in   shock-driven  faci l i t ies ,   par t icular ly   in  
overtai lored  operat ion.  Such behavior i s  usua l ly   a t t r i bu ted   t o   d i f f e rences  
in   i n t e r f ace  mixing  brought  about  by  relatively minor va r i a t ions   i n   t he  
mechanics  of  opening t h e  main diaphragm. The t imes   i l lus t ra ted   here   a re  
cha rac t e r i s t i c  of t h i s   f a c i l i t y  a t  this  operating  condition; a similar range 
of  times w a s  observed  for  other measurements i n   t he   t e s t   s ec t ion .  

The p i to t -pressure   l eve l  is  approximately  constant,  and a t  the   l eve l  
shown in   f i gu re   6 (b ) ,   a c ross  an  18-cm-diameter  core  of the   t es t - sec t ion  f low.  
This  indicates that  the  f l o w  is  f r e e  of interference from  boundary-layer 
e f fec ts   in   th i s   core .   P i to t -pressure  measurements obtained a t  an  axial   posi-  
t ion  about 10 em downstream  of t he  nominal tes t  s ta t ion   ind ica te   an   ax ia l  
Mach number gradient  of  about  0.016  per em due t o  conical  flow  expansion. 

Tests  with  several  multiple  probe  configurations  have shown tha t   t he re  
i s  no appreciable change in   t he   e f f ec t ive   a r ea   r a t io   o f   t he  f l o w ,  due t o  the  
presence  of  the  probes  in  the  stream. 

Mass flow.- The mass-flow rate   per   uni t   area,   normalized w i t h  t he   r e se r -  
voir   pressure,  i s  shown i n   f i g u r e   6 ( c )   f o r  pi = 0.34 a t m .  Notice t h a t  a sig- 
nif icant   t ime  interval  i s  required t o  es tabl ish  s teady-state   operat ion.  
Recall  that  this  t r ans i en t  i s  due t o  t he   f i l l i ng   p rocess  of the  mass-flow 
probe i t se l f ,   ra ther   than   to   the   f low  s ta r t ing   p rocess   (uns teady  wave system) 
in  the  shock-tunnel  nozzle. 

The u n i t  mass-flow r a t e  has a s l i g h t  dependence on the   reservoi r  
enthalpy.  This  dependence i s  negl ig ib le   for   the   en tha lpy   var ia t ions  shown i n  
f igu re   4 (b ) .  Also, since  the  temperature  rose  only 6 C i n   t h e  probe  cavity 
du r ing   t h i s   run ,   t he   co r rec t ion   t o   t he  mass f low  fo r   t h i s   e f f ec t  i s  very 
small. 

0 

Free-stream  velocit .- The free-stream  velocity measured f o r  pi = 0.34 
a t m  i s  shown in   f i gu re  6 ), normalized  with  respect t o   t he   l imi t ing   ve loc i ty ,  
considering  an  equilibrium  expansion  with  the same i n i t i a l   c o n d i t i o n s .  For 
th i s   par t icu lar   loading   pressure ,   the   ve loc i ty   ra t io  i s  r e l a t ive ly   i n sens i -  
t i v e ,  w i t h  time, to  driver-gas  contamination,  since  the  total   enthalpy  of  the 
dr iver   gas   behind  the  ref lected  shock wave i s  approximately  equal t o   t h e  t o t a l  
enthalpy  of  the tes t  gas .  However, t h e  two data   points  a t  22 and 23 m e c  
from  diaphragm  rupture  denote a small change in   f low  veloci ty ,  which i s  
probably  due to   the  onset   of   contaminat ion.  

I .  
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The chief  merit of   this   probe as a d iagnos t i c   t oo l  i s  tha t   t he   f r ee -  
stream ve loc i ty  is essent ia l ly   independent   o f   the   e f fec t ive   a rea   ra t io  of t he  
nozz le   for   the   h ighly  expanded flows  considered  here. Thus, in the  absence 
of   other   energy  losses ,   the  magnitude  of the  free-stream  velocity  provides a 
measure  of t h e  amount of  energy  frozen  chemically  and  vibrationally. 

ANALYSIS OF RESULTS 

The experimental   data  presented  in  the  preceding  section  are  analyzed  in 
this   sect ion  using two models f o r  the  nonequilibrium,  chemically  and  vibra- 
t ional ly   re laxing  gas .  The purpose  of t h i s   a n a l y s i s  is t o  determine  the 
remaining  aerodynamic  properties  of  the  free  stream. 

Flow Models 

Numerical ca lcu la t ions  which couple  the  quasi-one-dimensional gas-dynamic 
equations  with  chemical  and  vibrational rate equations  conceptually  yield 
exact  solutions  for  nozzle flow properties.   Typical  numerical   solutions  for 
nonequilibrium  airflows  are  presented  in  references 10 and 11. One d i f f i c u l t y  
with  the  application  of  numerical  techniques i s  the  choice  of  the  appropriate 
ra te   constants   and/or   re laxat ion mechanisms. For  example, discrepancies 
between the   resu l t s   o f   such   ca lcu la t ions  and  measurements f o r   a i r  have  been 
a t t r i bu ted   t o   unce r t a in t i e s   i n   v ib ra t iona l   r e l axa t ion   o f   n i t rogen   ( r e f s .  12 
and 1 3 ) .  

The e f f ec t ive  sudden freeze  concept  outlined  in  appendix A provides a 
mathematical model for   nonequi l ibr ium  f low  in  a nozz le   tha t   p red ic t s   cer ta in  
aerodynamic properties  of  the  free  stream  without knowledge of the   p rec ise  
re laxat ion  process   or   corresponding  ra te   constants .   This   technique assumes 
t h a t  most p roper t ies   o f   the   gas   in   the   t es t   sec t ion ,   having  undergone  relaxa- 
t i o n  of several   in ternal   degrees  of  freedom, are  approximately  the same as 
though  the  gas  instantaneously  had made a t r a n s i t i o n  from fu l l  equilibrium 
f l o w  t o  flow  in which a l l  internal  energy exchange i s  frozen, In one- 
dimensional  flow  this  process  can  then  be  characterized  by a single  parameter, 
t h e  Mach number of t rans i t ion   to   in te rna l ly   f rozen   f low,  where t h e  Mach 
number i s  for   equi l ibr ium sound speed  and constant  entropy. 

S ta t ic   p ressure  as a funct ion  of   pi tot   pressure i s  shown in   f i gu res  7(a)  
through  (c) .  The normalized s t a t i c   p re s su re  i s  p lo t ted  as a function of  t he  
corresponding  normalized  pitot  pressure  in  figure  7(b) f o r  the  nozzle expan- 
s ion   wi th   p i  - - 0.34 a t m .  Curves  of s ta t ic   p ressure   versus   p i to t   p ressure ,  
calculated  according  to  the  sudden-freeze  technique,  are shown in   t he   f i gu re  
( so l id- l ine   curves)   wi th   a rea   ra t io  and effect ive-freeze Mach nuniber as 
parameters.  Curves  of s ta t ic   p ressure   versus   p i to t   p ressure ,   ca lcu la ted  
using  the  numerical  procedure  of  reference 11, a r e   a l s o  shown (dashed-line 
curves) .  One of  these  curves is  obtained  assuming  complete  equilibrium,  that 
i s ,  both  the  chemistry  and  the  vibrational  energy modes a r e  computed assuming 
infinite  rate  constants;   another  curve i s  computed assuming t h a t   t h e  
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chemistry is in  nonequilibrium  and  the  vibrational mode i s  in  equilibrium; 
and the  last  i s  computed assuming both  chemical and vibrational  (uncoupled) 
nonequilibrium. The rate  parameters  used  for  the  nonequilibrium  calculations 
are commonly accepted  parameters (ref.  11 o r  15) and were obtained  or iginal ly  
from  shock-tube da ta .  

It w i l l  be  observed tha t   t he   expe r imen ta l   da t a   l i e  between the  curves   for  
vibrat ional   equi l ibr ium and  nonequilibrium. This  resul t   could imply t h a t   t h e  
effective  vibrational  relaxation  t imes  used  for  the  nonequilibrium  calcula- 
t i o n s ,  as obtained  from  shock-tube  data,  are  too  large  for  the  expanding 
flow - an  implication  that  i s  consistent  with  the  f indings  of  other 
researchers   ( re fs .  16 through 19) . In a more general   sense,  however, t h e  
present  result   probably  should  not  be  interpreted as due s o l e l y   t o  a de fec t   i n  
vibrat ional   re laxat ion  t imes.   Rather ,  it should  also  be  recognized  that  the 
re laxa t ion  mechanisms used may not   be  correct .  For example, vibrat ion-  
dissociation  coupling may well   be   important   in   this   appl icat ion.  For t h i s  
reason,  then,  the model of  reference 11 has  been  used  only t o   i n d i c a t e  approx- 
imate  boundaries  for  the  relaxation  processes.  A more exact  delineation  of 
mechanisms o r  r a t e s  is  beyond t h e  scope  of  the  present  report .  

For a l l   t he   cu rves   p lo t t ed   i n   f i gu re   7 (b ) ,   t he   p i to t   p re s su re  w a s  calcu- 
l a t e d  assuming that   both  the  vibrat ional   energy mode and the  chemistry were 
frozen  along  the  stagnation  streamline  behind the standing  shock wave. This 
assumption i s  rea l i s t ic   for   the   f low  condi t ions  and  probe s i z e  used i n  t h i s  
study. 

Notice that  a simultaneous  determination  of  pitot   and  static  pressure 
w i l l  un ique ly   f i x   t he   a r ea   r a t io ,   t he   f r eeze  Mach number, and  hence a l l  other 
flow  variables,   according  to  the  effective  sudden-freeze  concept.  Measure- 
ments  such as these  could  be  useful   for   resolving  uncertaint ies   in   re laxat ion 
mechanisms o r   r a t e s   i n  expanding  flows i n  a carefully  controlled  experiment.  

Data Analysis 

The aerodynamic propert ies   of   the  tes t  s t r eam  fo r   p i  = 0.34 a t m  can  be 
determined  by  correlating  the  pitot-  and s ta t ic-pressure measurements w i t h  the  
sudden-freeze  calculations shown i n   f i g u r e   7 ( b ) .  The in te rsec t ion  of the  
p i t o t -  and s ta t ic-pressure ratios def ines   an  effect ive  f reeze Mach number and 
the   a r ea   r a t io   fo r   t he   f l ow.  Knowing the   a r ea   r a t io  and effect ive-freeze Mach 
number, a l l  other  f low  properties  can  be  calculated  according  to  the sudden- 
freeze  technique. The r e s u l t s  of these  calculat ions  for   the  condi t ions  of  
f igure  7(b) a r e  shown i n   t a b l e   I ( b ) .  These r e su l t s   r ep resen t   t he  aerodynamic 
ca l ib ra t ion  o f   t he   t e s t   s t r eam  fo r   p i  = 0.34 a t m  within  the  accuracies  indi-  
cated  in  appendix A .  Notice  that  the  independent measurements of mass flow 
and ve loc i ty ,  which are  redundant measurements acco rd ing   t o   t h i s   app l i ca t ion  
of  the  sudden-freeze  technique,  are  in good agreement  with mass flow  and 
veloci ty   der ived from the  sudden-freeze  calculation. 

Carpet  plots similar t o   t h a t   i n   f i g u r e   7 ( b )   a r e  shown in   f i gu res  7 (a) and 
( c )   f o r   p i  = 0.34 and 0.23 a t m ,  respect ively.  The aerodynamic ca l ibra t ions  
of   the  tes t   s t ream  for   these  condi t ions  are  shown in t a b l e s  I(a) and I ( c ) ,  
respec t ive ly .  
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Average t e s t   d u r a t i o n   r e s u l t s   a r e   a l s o  shown for  each  of  the  three  oper- 
a t ing   condi t ions   in   t ab les  I ( a > ,  I ( b )  , and I ( c ) .   Re la t ive ly   l ong  
contamination-free t e s t   t imes  were obtained a t  the  nominal ta i lored-interface 
( p i  = 0.34 a t m )  and the   under ta i lored   (p i  = 0.34 atm) operating  conditions.  
The t e s t  time i s  subs t an t i a l ly   l e s s   fo r   t he   ove r t a i lo red   ca se . (p i  = 0.2'3 a t m ) .  
As ant ic ipated from the   resu l t s   o f   o ther   inves t iga tors   (e  .g . , r e f .  2 0 ) ,  pre- 
l iminary measurements i nd ica t e   t ha t   t he   t e s t   t imes  become even shorter  as the 
ini t ia l   dr iven-tube  loading  pressure i s  decreased  further.   Test   t imes of 
considerably  longer  and  shorter  durations  than  the "most l i ke ly"   va lues   i n  
t hese   t ab l e s  have  been  observed a t  each  of  these t e s t   cond i t ions .  For t h i s  
reason, it has  been  found  advisable t o  monitor  the  flow  during  each  test  with 
some device  (e   .g . ,  a pitot-pressure  probe)  that  i s  s e n s i t i v e   t o  changes i n  
flow  properties.  

Some of  the aerodynamic properties  of  shock-tunnel  test  streams can  be 
found  by the  techniques  presented  in   this   report ,  even i f  t he   t e s t   gas  i s  
di luted  with  dr iver   gas .  Appendix B shows how the  useful  test duration  of  the 
shock tunnel  can  be  extended by t e s t i n g   i n   s l i g h t l y  contaminated t e s t   g a s .  
The degree t o  which t h i s  can be done depends, of course, on which parameters 
are   s ignif icant   for   the  individual   s imulat ion problem a t  hand. 

CONCLUDING REMARKS 

An analysis  and the   r e su l t s  of a preliminary  calibration  of  the nonequi- 
l i b r ium  t e s t   s t r eam  in   t he  Ames 1-foot  shock  tunnel  are  presented  for  reser- 
voir   enthalpies  of  7,600, 9,100, and lO,9OO J/gm a t  a nominal reservoir  
pressure  of 275 a t m .  The t e s t   gas   i n   t he   r e se rvo i r  i s  i n   l o c a l  thermodynamic 
equilibrium and is  f ree   o f   s ign i f icant   rad ia t ion  and conduction  heat  losses. 

The free-stream flow  in   the test  sect ion i s  affected  by  both  chemical 
and vibrational  nonequilibrium, and the  data  obtained  are  within  an  order of 
accuracy  consistent  with  the  present  uncertainty  of  the  relaxation mechanisms 
and/or   ra tes .  It was found t h a t  a semiempirical,  sudden-freeze model i s  
sa t i s fac tory   for   de te rmining   tes t   s t ream  proper t ies  and t h a t  such  an  approach 
i s  convenient  since  the  results  are  not  dependent on any  specification  of 
r a t e s  . 

The average  duration  of  the  test   gas  f low was found t o  be l imited by the  
onset  of  contamination  by  driver  gas and var ied from about 15 msec a t  a 
reservoir  enthalpy  of 7,600 J/gm t o  about 4 msec a t  a reservoir  enthalpy of 
10 , 900 J/gm. 

Ames Research  Center 
National  Aeronautics and  Space Administration 

Moffet t   Field,   Cal i f .  94035 Sept . 13, 1968 
129-01-08-10-00-21 
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APPENDIX A 

SIWIEMPE3ICAL  SUDDEN-FREEZE MODEL 

Consider a nonequilibrium  expansion  of  high-temperature a i r  i n  a nozzle. 
Now consider two numerical-rate  calculations  for  this  expansion,  neither  of 
which necessar i ly   represents   the  real expansion  because  of  uncertainties  in 
e i ther   re laxa t ion   processes   o r  times. The present  sudden-freeze  technique i s  
based  on the  following  hypothesis: a sudden-freeze  solution,  characterized 
by a freeze Mach number, can  be  found  that  accurately  represents  each  of 
these numerical  solutions a t  l a rge  area r a t i o s ,  A/A*, far downstream  of the  
relaxat ion  reg  ion. 

This w i l l  be  demonstrated  by  examining  the  calculations  presented  in 
table 11. Two "exact"   numerical   calculat ions  differ ing  only  in   the  value  of  
the  vibrational  relaxat  ion  t ime of N 2  are shown f o r  a particular  expansion. 
The two matching  sudden-freeze  solutions  (simultaneous  freezing  of  chemistry 
and vibrat ions) ,   each  character ized  by  an  effect ive-freeze Mach number, are 
a l s o  shown. Notice t h a t   t h e  aerodynamic  parameters  calculated  according t o  
sudden-freeze  concepts match the corresponding  parameters  calculated numeri- 
ca l ly   wi th in  a f e w  percent  in  both  cases.   Similar results have  been  observed 
f o r  a v a r i e t y  of reservoir  conditions and nozzle area r a t i o s ,  w i t h  a i r  as the  
nonequilibrium  expanding  gas. It i s  recognized  of  course  that  parameters  such 
as vibrational  temperature and  chemical  composition, t ha t  depend on the  
d i s t r ibu t ion  of internal   energy  in  the frozen  degrees  of  freedom,  cannot  be 
matched i n  t h i s  manner. 

Therefore, a conclusion  can  be drawn: a sudden-freeze  solution  exists 
t ha t  accurately  dupl icates ,  a t  l a rge  area r a t i o s ,  the aerodynamic propert ies  
obtained  from  numerical  calculations of a nonequilibrium a i r  expansion. (This 
includes  the  numerical   solut ion  that   exact ly   represents  the  real expansion.) 
Hence, i f  one i s  calculat ing aerodynamic propert ies  of  nonequilibrium  nozzle 
f lows   for  which the  relaxat ion mechanisms are uncertain it is p re fe rab le   t o  
use  the  sudden-freeze  solution  that  matches the real flow rather than a numer- 
i c a l   s o l u t i o n  with uncertain rate constants.  

The obvious d i f f i c u l t y  w i t h  using  the  effective-freeze  concept i s  the  
determination  of  the  particular  sudden-freeze  solution  that   duplicates the 
correct ,   but  unknown, numerical   solution  to  an  expansion.  Fortunately the 
effect ive-freeze Mach number that  corresponds t o   t h e  real  flow  can be found 
by making two independent  measurements i n  the free stream. Hayman ( r e f .  14 )  
points  out a convenient method of  finding the  freeze Mach number and area 
r a t i o  of a nonequilibrium air  flow  using two free-stream measurements. H i s  
technique i s  used in   the   p resent  t ex t  t o  determine the effect ive-freeze Mach 
numbers f o r  the nonequilibrium streams examined here .  A p re requ i s i t e   fo r  
applying  any of these models i s  knowing the  reservoir  conditions.   Reservoir 
pressure  can  usually  be  measured, while reservoir  enthalpy  can  be computed 
from  incident  and  reflected-shock  properties and ver i f ied   by  free-stream heat- 
t r a n s f e r  measurements. 



A s  mentioned  previously,  the  effective-freeze  approach  probably  cannot  be 
used to  determine  properties  such as chemical  composition  and  vibrational t e m -  
perature  - prope r t i e s   t ha t   a r e   d i r ec t ly   r e l a t ed   t o   t he   i n t e rna l   ene rgy   d i s t r i -  
butions  in  the  nonequilibrium  degrees  of  freedom.  Therefore, i f  tne 
specification  of  these  parameters is required  for  proper  simulation of an 
experiment,  the  effective-freeze method may not  be  adequate,  and it may be 
necessary  to  apply  experimental   techniques,   such as spectroscopic  analyses, 
t o  measure the   requi red   in te rna l   energy   d i s t r ibu t ion   of   the   gas .  



APPWIX B 

INFLUENCE O F  CONTAMINATION ON S'JTQAM CALIBRATION 

It has been  found  desirable on occasion  to   operate   the  1-foot  shock 
tunnel at high-enthalpy,  overtailored  conditions  for which it is l i k e l y   t h a t  
the   reservoi r   gas  is quickly  contaminated  with  driver  gas. It w i l l  be shown 
i n  this   appendix that useful,  data  can  be  obtained  after  the  onset  of  driver 
gas  contamination a t  standard  operating  conditions,  such as discussed  in   the 
text, and t h a t  aerodynamic properties  of streams with unknown amounts of 
driver  gas  contamination  can  be  approximated  by  utilizing  only  pure-air  nozzle 
ca lcu la t ions .  It w i l l  be  simply  demonstrated,   for  conditions  of  interest  i n  
the  1-foot  shock  tunnel,   that   sudden-freeze  nozzle  calculations  for  pure a i r  
and  air-helium  mixtures  yield  approximately  the same stream  properties when 
based on p i to t -  and s ta t ic-pressure measurements. The air-helium  mixture i s  
a reasonable   subst i tut ion  for   the  actual   a i r -dr iver   gas   mixture   of   interest  
and  provides a considerable  simplification. 

Consider  sudden-freeze  calculations, similar t o  t h o s e   i n   t h e   t e x t ,  for a 
nozzle  flow  of  pure a i r  and  an  air-helium mixture consis t ing of 25-percent 
helium  by mole f r ac t ion .  This r e l a t i v e l y   l a r g e  amount of  helium w a s  a rb i -  
t r a r i l y  chosen for   i l lus t ra t ion   purposes  and  does  not  imply  actual  contamina- 
t i o n   l e v e l s .  For this   discussion,   consider  a reservoir  enthalpy  of 10,900 
J/gm and a reservoir  pressure  of 275 a t m  for   both  cases ,  These values  corre- 
spond t o  t h e   p i  = O.25-atm loading   condi t ion   d i scussed   in   the   t ex t ,   bo th  
before and after the  onset  of  contamination i n  the   reservoi r .  

The particular  sudden-freeze  solution  corresponding  to  the measured p i t o t  
and s t a t i c   p re s su re  i s  shown i n   t a b l e  I11 for each  reservoir  gas.  These pres- 
sures are  obtained  after  the  onset  of  contamination,  approximately 10 msec 
from the  beginning  of  flow in  the  nozzle;   note  that   they  are  not  the same as 
measured e a r l i e r   i n   t h e   t e s t   ( t a b l e   I ( c ) ) .  It w i l l  be  observed t h a t   t h e  
f reeze Mach numbers and the  area ra t io s   de r ived   fo r   t he  two cases   a re   d i f fe r -  
en t .  Comparing the  f low Mach numbers,   temperatures,   velocit ies,   densit ies,  
and dynamic pressures,  it is apparent   tha t   the  two solut ions  yield  approxi-  
mately  the same r e s u l t s   f o r   t h e s e  aerodynamic propert ies .  It i s  also  seen 
tha t   the   f ree-s t ream Reynolds numbers are  approximately  equal  for  the two 
cases   s ince   t he   v i scos i t i e s  of t h e  two gas  mixtures,  according  to 
reference 21, a re   near ly   equiva len t  a t  t h e  same temperature. 

Results similar t o   t h o s e   i n   t h e   t a b l e  have  been  obtained when air-helium 
mixtures  with  smaller  helium  proportions are compared with  pure-air results. 
Therefore, it is  seen that pure-air  sudden-freeze  calculations  are  adequate 
for  deriving  approximations  to aerodynamic properties  such as Mach number and 
Reynolds number for  streams  contaminated w i t h  r e l a t i v e l y   l a r g e  amounts of 
helium.  This  result   indicates  the  effects  encountered when t h e  a i r  t e s t   g a s  
in   the   1 - foot  shock tunnel  becomes contaminated  with  the  combustion-heated 
dr iver   gas   used   in   the   fac i l i ty .  The re su l t s   fo r   pu re  a i r  i n   t a b l e  I11 have 
been  used as an  approximate stream ca l ib ra t ion  f o r  the p i  = 0.25-atm  loading 
condition  of  the  1-foot  shock  tunnel, at times  from 10 t o  30 msec after the  
start of flow. 
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TABU I a -  STJMMRY OF CALIBRATION RESULTS 

I (a) pt = 275 atm, = 7600 J/grn, pi = 0.54 atm 

Free-stream Experimental Derived 
property value value 

A/A* ( = P*u*/ PU ) 3600  3470 

3.3 

~ ~~ ~ 

Mf 
P/Pt 2 . ~ O X ~ O - ~  2 . ~ O X ~ O - ~  

" -  

5 . 30XL0-4 5 .  30x10-4 
" _  8. g o ~ l o - ~  
_ "  4.28x10-~ 

u/'llBX 0.96  0.96 
Re/pt,  l/cm a t m  - "  11.1 

M - "  12.6 

Avg . test  duration 15 mec - "  

t (b) pt = 275 a t m ,  h = 9100 J/gm, pi = 0.34 atm 

A/A* ( =P*u*/PU) 3300 3410 

Mf 
P/Pt 3 . 0 3 ~ 1 0 - ~   3 . 0 3 ~ 1 0 - ~  

Pt /pt 5 .40~10-~  5 .40x10-~ 

_ "  3 -8 

7 P t  
- "  6. ~ O X ~ O - ~  

Avg. test  duration 
( c )  pt = 275 atm,  ht = 10,900 J/gm, pi = 0.25 atm 

A/A* ( = p*u*jpu) 
- "  3 -9 

2 .90 x 1 0 - ~  2. go xlo-6 
5 .15x10-4 5 .15x10-~ 

- "  5 . 9 5 ~ l O - ~  

U T t  " -  5 .  55x10-2 

U~UIllaX 
0 -95 0.96 

Re/pt, l /cm a t m  - "  6.54 
M - "  11.7 

Avg . test  duration 4 mec - "  
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TABLE 11.- COMPARISON OF NUMERICAL AND MATCHING SUDDEN-FRlXZE: 

Free-stream 
property 

A/A* 

P/Pt 

P/Pt 

u, cm/sec 

SOLUTION FOR h+ = 9100 J/gm, pt = 275 a t m  

Nonequilibrium 
vibra t ions  

Numerical 
solut ion 

3000 

Sudden- 
Yeeze  solution 

3000 

3 - 3  

3 .o9x1op6 

7 .25x10p5 

4.63~10~~ 

4.04~10 

Equilibrium 
vibra t ions  

Numerical 
so lu t ion  

3000 

-"  

4.16~10-~ 

7 .O7x1Op5 

6 .44~10-~ 

4 . 1 3 X 1 0 5  

Sudden- 
f reeze   so lu t ion  

3000 

4.4 

4.16~10-~ 

7 .01~10- 

6.50~10~~ 

4.10~10~ 



TABLE 111.- INFLUENCE OF FLESERVOIR COMPOSITION ON F'REE-STRFAWPROPERTIES 

I Mf 

u, m/sec 

I M 

1 R e ,  l / c m  
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Instrument 
ports 

‘Squib  housing 

,Main diaphragm  and 1 
t 
1 

punch  mechanism 
L 

2.25 ft(68.6cm)dia 

transition 1 1 1  
25.0 ft (7.62m) 

Driven  section I/” Driver section 
40.0 ft (12.2m 1 

(combustion  chamber )/I / 

Figure 1.- Schematic  drawing of the Ames l - foo t  shock tunnel with nozzle assembly d e t a i l s .  



1.27 crn dia 
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(a)  Static-pressure  probe. 

Settling 
chamber 

Heat 
exchanger 

screens, i Pressure 

cm 

/ I \ 

Entrance Therrnhcouple 'Sonic  exit 
or if ice orifice 

(c) Mass-flow probe. 

We\dge 
support 
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Tip 
electrode 
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/ 
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support 
strut 

(b)  Pitot-pressure  probe. 

Support 
strut 

Rail 
electrode 

9.8 crn ~ - 

I I I " 
1-10.2 crn-1-9.5 cm-1-5.1 c m 4  

(d) Velocity  probe. 

Figure 2.- Test-section  instrumentation. 
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Figure 3.- Incident shock velocity  in  driven  tube;  pi  = 0.34 a t m .  
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Figure 4.-  History of reservoir  conditions;  = 0.34 a t m .  
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, Diaphragm rupture 

Shock  wave reflects  from  reservoir end  wall 
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Figure 6 .  - Free-stream  conditions; = 0.34 a t m .  P i  
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Figure 7.- Comparison of measured stream  pressures with sudden-freeze results and  numerical solutions. 


